Abstract The electromagnetic N −∆(1232) transition amplitudes are calculated using the point-form of relativistic quantum mechanics. The relativistic effects incorporated in the electromagnetic matrix elements give a good description of the transition amplitudes to the ∆(1232) resonance, reproducing well the Q 2 behaviour of the data, apart from the low Q 2 one.
Introduction
The study of nucleon electromagnetic form factors and the electromagnetic transitions of the nucleon resonances is always of great interest. It can give a detailed information on the internal structure of the nucleon and its excitations. There has been a large amount of model calculations in the past several decades, based on both the non-relativistic and relativistic frameworks. It is expected that more accurate data to a higher Q 2 region will come out with the 12 GeV upgraded JLab. facility. Therefore a more precise description of the transition amplitudes in this region is required.
In 1949, Dirac [1] first proposed three equivalent forms of the relativistic dynamics. They are the instant, light-front and point-forms. Here, we use the point-form, since all the components of the four-momentum P µ (µ = 0, 1, 2, 3) are associated with the interactions and other operators, like the angular momentum and Lorentz boost operators, are interaction free. Therefore, the advantage of the point-form of relativistic quantum mechanics is that all the Lorentz transformations remain purely kinematic and the theory is manifestly Lorentz covariant.
People are more familiar with the instant and light-front forms than the point-form, since the two were rather popular in the past decades and most of the calculations were based on the two frameworks. The point-form has been discussed by Keister and Polyzou [2] and recently has been carefully and systematically studied by Klink [3] . It has also been employed in the calculations of the nucleon form factors [4; 5; 6; 7; 8; 9] , the resonance strong decays [10; 11] , and the form factors of pion and deuteron [12; 13; 14; 15] . Those results show the importance of the relativistic description of the systems, particularly when the momentum transfer is large.
In this work, the point-form of relativistic quantum mechanics will be employed to calculate the electromagnetic transition amplitudes of the nucleon to ∆(1232). Here the wave functions of the nucleon and its resonances from the hyper-central potential model [16] are employed. It is expected that the relativistic description both for the wave functions and for the matrix elements could well reproduce the Q 2 -dependence of the transition amplitudes. This work is organized as follows. In Sect. 2, the relativistic hyper-central potential model will be briefly discussed and the point-form of relativistic quantum mechanics is displayed and applied to the study of the electromagnetic N − ∆(1232) transitions. Numerical results and a short summary will be given in Sect 3.
Hyper-Central Potential Model and the Point-Form of Relativistic Quantum Mechanics
The hyper-central potential model was proposed a long time ago [16] and since then it has been used for the calculations of the baryon electromagnetic properties [17; 18; 19; 20; 21] , in particular for the predictions of the transition form factors of the nucleon to its baryon resonances [22] . The model has also been extended to a relativistic version replacing the non-relativistic kinetic operator by a fully relativistic one [8; 9] .
The mass operator in the relativistic hypercentral constituent quark model is given by [8; 9]
In our calculation, the center-of-mass frame is considered and thus
(r 1 + r 2 − 2r 3 ) being the internal Jacobi coordinates. M hyp is the hyperfine interaction, which is spin-dependent. The spin-independent part of the interaction includes, at least in some sense, the three-body interactions. It is different from the other ordinary constituent quark models where only the two-body interactions are taken into account. On the other hand, it may be considered as the hypercentral approximation to the two-body potential. The relativistic mass operator can be diagonalized by means of a variational method and one has to work in the momentum space due to the relativistic kinetic energy operator.
In the point-form of relativistic quantum mechanics, in order to construct the interacting fourmomentum operator, one usually uses the Bakamjian-Thomas method [23] by putting the interactions into the mass operatorM. Thus,M is divided into two parts. One is the interaction free mass operator M f r and another is the interacting mass operatorM int . The four-momentum P µ is related to the mass operator by
where the four-velocity operator V µ f r is interaction free. According to the commutation relations satisfied by the operators of the dynamical system and to the fact that P µ is a Lorentz vector, one gets the relation of [V µ f r ,M] = 0 andM is a Lorentz scalar. Therefore, the eigenstates of the four-momentum operator are the eigenstates of both the mass and the velocity operators. In the center-of-mass frame, we can obtain the wave functions of the three-quark system by solving a relativistic Schrödinger equation. The obtained wave functions are the eigenstates of the mass operator with interactions.
In the point-form of relativistic quantum mechanics, the Lorentz transformations remain purely kinematic, namely, they are interaction free. The so-called velocity state is usually introduced as follows [3] , of a canonical boost of a velocity state are the same, and thus the spins can be coupled together to the total spin of the state as in the non-relativistic framework as well as in the center-of-mass frame. This is the practical advantage of using the velocity state.
To calculate the photo-and electro-production amplitudes of the nucleon resonances, we simply employ the point-form spectator impulse approximation for the electromagnetic interaction. The current operator is assumed to be the single-particle one [4; 5; 6; 7] ,
where u(p i , λ i ) is the Dirac spinor with momentum p i and spin λ i for the i-th struck quark.
Numerical results and summary
In this work, we present the preliminary results for the electromagnetic transition amplitudes of the N − ∆(1232) based on the point-form of relativistic quantum mechanics. Here we employ the wave functions of the nucleon and the nucleon resonance ∆(1232) obtained from the relativistic hypercentral potential model. Figure 1 reports the obtained transverse transition amplitudes to the ∆(1232). In the figure the data, from Refs. [24; 25] , are also shown for a comparison. We can see that our present framework can well reproduce the transverse transition amplitudes of the ∆(1232) resonance in the region of Q 2 > 1 GeV 2 . The present calculation with the point-form of relativistic quantum mechanics is an improvement with respect to the calculations with the non-relativistic hyper-central potential model. For the amplitudes in the small Q 2 region, it is expected that the quark-antiquark pair production mechanism plays a dominant role. In order to take into account this effect in a consistent way one has to work within the unquenched quark model [26; 27; 28] .
To summarize, we have applied the wave functions of the nucleon and ∆(1232), obtained from the relativistic hyper-central potential model, for the calculation of the electromagnetic N − ∆(1232) transition amplitudes based on the point-form of relativistic quantum mechanics. Our numerical results show explicitly the advantage of the present fully relativistic description in the region of Q 2 > 1GeV 2 . Other electromagnetic observables of the nucleon resonances, like the transition amplitudes to the low-lying nucleon resonances of S 11 (1535) and D 13 (1520), will be published elsewhere.
